SUMMARY. Changes in stimulation rate alter the electrical and mechanical characteristics of myocardial cells. We have investigated the possibility that intracellular sodium activity (aN a ) changes with stimulation and correlates with changes in contraction strength. Two kinds of liquid membrane Na + -selective microelectrodes were used to measure aN a in guinea pig and sheep ventricular muscle and in sheep Purkinje strands. Stimulation produced a rate-and time-dependent elevation of aN a . Small increases in aka were seen at stimulation rates as slow as 0.2 Hz, and faster rates of stimulation elevated aN a by over 30%. The changes seen in Purkinje strands and ventricular muscle were similar. Following a period of stimulation, a^a and V m returned to their pre-stimulus levels with the same time courses. This is consistent with the suggestion that the post-stimulation hyperpolarization is the result of an increased rate of electrogenic Na + extrusion. The effects of stimulation on a L and tension were compared with those of ouabain. The comparison suggests that rapid stimulation could produce increased contraction strength as the result of a substantial gain in intracellular calcium via a Na-Ca exchange mechanism, but that this is only one of several factors determining the forcefrequency relationship. (Circ Res 50: 651-662, 1982)
SUMMARY. Changes in stimulation rate alter the electrical and mechanical characteristics of myocardial cells. We have investigated the possibility that intracellular sodium activity (aN a ) changes with stimulation and correlates with changes in contraction strength. Two kinds of liquid membrane Na + -selective microelectrodes were used to measure aN a in guinea pig and sheep ventricular muscle and in sheep Purkinje strands. Stimulation produced a rate-and time-dependent elevation of aN a . Small increases in aka were seen at stimulation rates as slow as 0.2 Hz, and faster rates of stimulation elevated aN a by over 30%. The changes seen in Purkinje strands and ventricular muscle were similar. Following a period of stimulation, a^a and V m returned to their pre-stimulus levels with the same time courses. This is consistent with the suggestion that the post-stimulation hyperpolarization is the result of an increased rate of electrogenic Na + extrusion. The effects of stimulation on a L and tension were compared with those of ouabain. The comparison suggests that rapid stimulation could produce increased contraction strength as the result of a substantial gain in intracellular calcium via a Na-Ca exchange mechanism, but that this is only one of several factors determining the forcefrequency relationship. THE marked dependence of cardiac concentration strength on stimulation frequency was first noted by Bowditch (1897) and Woodworth (1902) , and has since been extensively documented [see Koch-Weser and Blinks (1963) for a review]. Electrophysiological studies have identified a number of factors that may affect the force-frequency relationship, such as an increase in calcium influx with stimulation rate and changes in action potential duration [see Fozzard (1977) and Boyett and Jewell (1980) for reviews]. A third important factor that might cause an increase in intracellular calcium is a decrease in net calcium efflux via the Na-Ca exchange system because of a reduction of the transmembrane sodium gradient during stimulation. Woodbury (1963) noted that increases in stimulation rate might produce large increases in intracellular sodium in muscle. Langer (1971) linked this observation with the discovery of a Na-Ca exchange mechanism [Reuter and Seitz, 1968; Baker et al., 1969 ] to suggest that a positive force staircase could arise from a "sodium pump lag." According to this hypothesis, the increase in sodium influx that accompanies excitation leads to an increase in intracellular sodium activity (aNa), which in turn depresses the net efflux of calcium via the Na-Ca exchange mechanism. It is generally accepted that Na-Ca exchange exists in myocardial cells, but its role in the control of contraction is incompletely understood.
It was originally suggested that the sodium pump rate during stimulation would "lag" behind an increased sodium influx permitting a rapid increase in aNa . Recent studies have shown that trains of action potentials can also produce large elevations of extracellular potassium (Kline and Morad, 1976; Kunze et al., 1977; Kline et al., 1980) , which might stimulate pump activity sufficiently to minimize the elevation of cell sodium. Attempts by chemical methods to measure cell sodium concentration ([Na]i) and potassium concentration during stimulation have produced conflicting results; some find large changes (Conn and Wood, 1959; Gadsby et al., 1971) , whereas others find no change at all (Bentfeld et al., 1977) . Measurements with ion-selective microelectrodes indicate that most of the muscle sodium is bound or compartmentalized (Lee and Fozzard, 1975; Ellis, 1977) , so that measurements of [Na]i may not accurately reflect changes in aNa during stimulation. An increase in a^a of several millimolar during electrical activity in sheep Purkinje strands was reported by Deitmer and Ellis (1980) , but they did not study the phenomenon systematically. No measurements of ata during stimulation have been reported for working myocardium.
Increase in alsia has also been proposed as an explanation for post-stimulation hyperpolarization of membrane potential (V m ) and suppression of pacemaker activity (Vassalle, 1970) . This proposal is supported by evidence that when the Na-K pump in heart muscle is stimulated, it generates a current produced by electrogenic transport (Gadsby and Cranefield, 1979a; Eisner and Lederer, 1980; Cohen et al., 1981) .
We have used ion-selective microelectrodes to monitor a Na in ventricular muscle and Purkinje strands during stimulation, and find thataka increases substantially. Our results support the sodium pumplag hypothesis and suggest that the changes in a Na are large enough to lead to cellular Ca ++ accumulation and increased contraction strength. Preliminary reports of this work have appeared (Cohen and Fozzard, 1979; Fozzard and Sheu, 1981) .
Methods

Preparations
Experiments were performed on right ventricular papillary muscles from guinea pigs and rabbits, and ventricular trabecular muscles and Purkinje strands from sheep. Guinea pigs and rabbits were killed by cervical dislocation in the laboratory, while sheep hearts were obtained from a local slaughterhouse. Ventricular preparations were less than 1 mm in diameter, and Purkinje strands were 100-200 /tm in diameter.
Electrodes
Membrane potential was measured with open-tipped micropipettes made from borosilicate glass. When filled with 3 M KC1 acidified to a pH of 2 with HO, they had resistances of 12-20 MS2 and small tip potentials (Wann and Goldsmith, 1972) . The same micropipettes were used to fabricate liquid ion exchange ion-selective microelectrodes (Walker, 1971) . They were treated with the vapor of dichlorodimethylsilane and baked at 200°C for 60 minutes. The liquid ion exchange was introduced into the tip by suction or back filling, and a suitable electrolyte filled the rest of the micropipette.
Three different liquid ion exchangers were used in these studies. For measurements of K + activity, we used Corning liquid ion exchanger #477317, which is 2% (wt/vol) potassium tetrakis (p-chlorophenyl) borate [K(</>-Cl)4B] in o-nitroxylene. K + -selective microelectrodes were about 35 times more sensitive to K + than Na + at 36°C. The selectivity of Corning #477317 is highly dependent upon the solvent used to solubilize the tetra-phenyl borate anion and may be reversed by the suitable choice of solvent. For our early studies, we utilized a liquid ion exchanger consisting of 2.3% (wt/vol) K(<J>-C1) 4 B and 13% (wt/vol) tri(n-octyl)-phosphine oxide in tri(2-ethylhexyl)phosphate. This is similar to a liquid ion exchanger first reported by Baum and Lynn (1973) and used in microelectrodes by Palmer and Civan (1977) . It favors Na + over K + by approximately 4:1. Our later studies used a liquid membrane which incorporated the neutral carrier ETH 227 (Steiner et al, 1979) . These electrodes had a selectivity for Na + over K + of approximately 50:1. In discussing our results, we will refer to the former group of electrodes as "liquid ion exchange microelectrodes" and to the latter group as "neutral carrier microelectrodes." All studies in sheep muscle or Purkinje strands were made with the latter group that had a higher selectivity. K + electrodes were filled with 0.5 M KG, liquid ion exchange sodium electrodes were filled with 0.67 M Na-EDTA and 0.1 M NaCl at a pH of 9, and neutral carrier Na + electrodes were filled with 0.3 M NaCl.
Ion-selective microelectrodes were calibrated at 36°C before and after each experiment in pure KG and NaCl solutions, and in mixtures of NaCl and KG that bracketed the composition of Tyrode solution and the sarcoplasm. Ion activity coefficients were calculated using the Maclnnes convention (Bates and Alfenaar, 1969) . Mean activity coefficients for calibrating solutions were taken from Hamed and Nims (1932) and Shedlovsky (1950) and those for Tyrode solutions used the equations of Pitzer and Mayorga (1973) .
The calibration of one of the liquid ion exchange microelectrodes used to measure a| sr a is presented in Figure 1A . The response of the electrode in mixtures of NaCl and KG was described by an extended form of the Eisenman-Nicolskii equation, as previously reported Sheu et al., 1980) . This equation defines the curve in Figure 1A . The selectivity coefficient is the only parameter that can be used to obtain an optimal fit. The equations used to calculate aka and an are:
where AVNH and AVK are the mean potential changes measured by the Na + -and K + -selective microelectrodes upon cell impalement, SNB, SK, SN B , and 5K are the slopes of these electrodes in pure NaCl and pure KG, k' and k are their selectivity coefficients, and V m is the mean membrane potential.
These equations are more useful than the equations that are commonly used to describe electrode response (Walker, 1971) because the selectivity coefficients are independent of ionic composition. SNB for the Na + liquid ion exchange electrode was typically 60-66 mV, which resulted in greater resolution of changes in aN a than would be obtained for an electrode with Nernstian slope. Although ak makes a large contribution to the potential measured with the liquid ion exchange Na + electrode, the selectivity coefficient for Na + over K + is sufficiently great that a 1 min change in at M a results in a 1-mV change in potential.
The neutral carrier Na + -electrode showed good sensitivity toward Na + , so that a^a could be determined by the unorthodox method (Thomas, 1978) . This means that aN a was read from a calibration curve obtained from mixed NaG-KG solutions that contained 1, 3, 10, 30, 100, or 150 mM of NaCl, with the total concentration kept at 150 nr\ M by addition of KG (Fig. IB) . It was necessary to use this method because the response to KG pure solutions was neither parallel to the response to NaCl solutions, nor was it linear.
The advantages of the liquid ion exchange sodium selective microelectrodes used in this study compared to those made with NAS 11-18 glass (Thomas, 1978) are greater ease of fabrication and faster response time (approximately 2 seconds). Their accuracy was tested by measurements of akia in rabbit papillary muscle and frog sartorius muscle. In rabbit papillary muscle, V m and VK measurements indicated that each muscle was electrically homogeneous and gave results' in good agreement with those of Lee and Fozzard (1975) : V m = -76.3 ± 0.8 mV (±SEM; 17 muscles) and ak = 91.4 ± 3.3 mrn (nine muscles). In contrast, VN 8 values initially showed considerable variability between impalements in the same muscle, so that values of a^a ranged from 5 to 40 mM. This variability was ultimately attributed to an artifact not widely recognized in the use of liquid ion exchange microelectrodes: the potential sensing portion of the microelectrode can extend several microns beyond the tip of the micropipette, apparently due to conduction through the glass walls (Lewis and Wills, 1980; Armstrong and Garcia-Diaz, 1980) . If this occurs, it is possible to introduce only a part of the potential-sensing portion of the microelectrode into a cell; the observed potential change upon cell impalement will be equal to the "true" potential difference times a voltage-divider ration (see Appendix).
The existence of a voltage-divider effect is substantiated in Figure 2 . Each point represents a separate muscle in which two very different potential changes were seen upon two different impalements of the muscle by a liquid ion exchange microelectrode; the ratio of these potential changes determines the abscissa. During each impalement, V m was changed by doubling the external potassium concentration, and the ratio of potential changes observed determines the ordinate. In all four muscles, one of the impalements registered potential changes that were a fixed percentage of the potential changes recorded during the other impalement, as would be expected for a voltagedivider effect (the straight line). Lewis and Wills (1980) report that neutral carrier electrodes such as those we used in this study can have potential sensing surfaces that extend more than 50 jum from the tip. We found that, even with the higher-resistance liquid ion exchange electrodes, the potential sensing portion of the microelectrodes was apparently confined to a few microns near the tip. Small differences in the depth of cell impalement resulted in large changes in the measured potential difference. In frog sartorius muscle (the filled circles), it was possible to advance the microelectrode after the initial impalement and still maintain stable intracellular values. On several occasions, low values of VN B -VN O were increased by this method, as though a larger fraction of the potential sensing portion of the microelectrode was being inserted into the cell. A calculation of a^a in sartorius muscle using the maximal values of VN 8 values of 8.5 and 12.5 ITIM for the two muscles used in Figure 2 . This is in excellent agreement with values obtained using glass ion-selective microelectrodes (Lee and Armstrong, 1974; White and Hinke, 1976) . The maximal potential change monitored by the Na + electrode when [K] o was doubled equaled the potential change registered by a simultaneously impaled KCl-filled microelectrode. Since aN a is unchanged by this procedure in sartorius muscle (White and Hinke, 1976) , the equality of potential changes confirms our belief that the entire potential sensing portion of the electrode has been inserted into the cell, and therefore it is limited to a few microns from the tip. What is most important, the results with frog sartorius muscle indicated that our liquid ion exchanger was suitable for determining aN a once the "extended tip" artifact was eliminated.
9993). The potential response in mixtures of NaCI and KCI that had a total concentration of 100 mi* is plotted as a function of aha (H). The cvrve through these data points is
Our procedure for preparing ion-selective microelectrodes was modified to minimize the occurrence of the extended tip artifact. One must either decrease the resistance of the tip opening or increase the resistance of the glass walls. Since intracellular studies in mammalian ventricle require fine-tipped micropipettes, our remedy was to increase the resistance of the glass walls near the tip. This was achieved by use of thick-walled glass and by keeping the electrode tips dry until just before use. Hydration of the tip of micropipettes can reduce the specific resistivity of the glass by orders of magnitude (Agin, 1969) . (In our earlier studies, the electrodes were soaked in aqueous solution overnight because absorption of water can alter the selectivity of liquid ion exchangers. Subsequently, equilibration with aqueous solutions was achieved by back-filling the pipettes with salt solution several hours before calibration.) We still occasionally encountered anomalously small potential changes cell impalement, but screened these with the protocol used in Figure 2 to eliminate artifacts.
The neutral carrier electrodes had less tendency to have a shunt across the glass, as would be expected from their lower tip resistance. The response times of the electrodes varied, even within groups apparently made in an identical fashion. Electrodes with response times of less than 1 second were selected for these experiments (Steiner et al., 1979; Lewis and Wills, 1980; Armstrong and Garcia-Diaz, 1980) .
Force Measurements
Tension was measured with a photoelectric force transducer similar to that used by Gibbons and Fozzard (1971) , but incorporating a more sensitive phototransistor (Texas Instruments model TIL 138 or TIL 401). The preparations were pinned at one end to the bottom of the chamber, and attached at the other end to the force transducer. Superfusion with gassed solution was maintained for at least 1 hour before measurements were begun. The major difficulty in performing the electrical measurements was to maintain stable impalements with two or three microelectrodes while the muscle was contracting strongly. For this reason, we did not stretch the muscle to its optimal length for tension production. This may have resulted in slower tension staircases (Lakatta and Spurgeon, 1980) . Field stimulation was applied via two platinum wires; the stimulus was 1-2 msec in duration and 1.5 times threshold. Exposure to doses of propranoiol sufficient to block isoproterenol response failed to alter the effect of stimulation on aKi, (Wasserstrom, Schwartz, and Fozzard, unpublished observations).
Solutions and Chemicals
Rabbit papillary and sheep trabecular muscles and Purkinje strands were superfused with a Tyrode solution consisting of 153 mM NaCI, 5.4 ITIM KC1, 1.8 mM CaCl 2 , 1.1 mM MgCI 2 , 11.1 HIM dextrose, and 5 mM HEPES at pH 7.4 ± 0.1. The solution was gassed with 100% oxygen and maintained at 36 ± 1°C. Guinea pig studies were made in 4.6 mM K + . The Ringer's solution used in experiments with frog sartorius muscle contained 110 mM NaCI, 2.5 mM KG, 1.5 mM CaCb, 2.5 mM-MgSO.f, 5.5 mM dextrose, and 5 mM HEPES at pH 7.4 ± 0.1.
Ouabain octahydrate was obtained from Sigma Chemical Company. K(<f>-Cl)jB was synthesized, using the protocol of Baum and Wise [1971] , by Specialty Organics, Inc. Purity was checked by a carbon and hydrogen analysis and found to deviate by less than 1% from the theoretical composition. Tri(n-octyl)-phosphine oxide (Eastman Chemicals) and tri(2-ethyihexyl)phosphate (K & K Laboratories) were used without further purification. The material for neutral carrier electrodes was generously provided by Drs. Ammann and Simon (Federal Institute of Technology, Zurich, Switzerland).
Results
Effect of Stimulation Rate on Tension
Sheep ventricular muscle shows a positive inotropic effect of stimulation typical of many other myocardial preparations (Koch-VVeser and Blinks, 1963) . Figure  3 illustrates a recording of membrane potential and twitch tension during sudden and gradual increases in rate. A sudden increase from 0.1 Hz to 3 Hz caused an increase in contraction strength that took several minutes to develop. Diastolic V m showed an initial depolarization followed by a gradual hyperpolarization during the same time. A similar result was reported for atria (Glitsch, 1973; Diacono, 1979) , Purkinje fibers (Browning et al., 1979) and ventricular muscle (Attwell et al., 1981) .
Following return to 0.1 Hz, several minutes were required to return to the previous contraction size and V m . Stepwise increase in stimulation rate up to 3 Hz produced comparable increases in contraction without the biphasic change in V m . Increase in contraction size in a series of eight sheep ventricular muscles (compared to contraction size at 0.1 Hz) averaged 26 ± 4% (SEM) at 0.2 Hz, 112 ± 12% at 1.0 Hz, and 120 ± 20% at 2.0 Hz. Similar contraction effects were seen with guinea pig papillary muscles.
Whereas changes in action potential configuration and transmembrane Ca ++ current may influence the force-frequency relationship, the slow history-dependent changes illustrated here were more consistent with a gradual ionic redistribution. Indeed, the parallel changes in V m and contraction strength that follow an increase in stimulation rate suggest that a| vi a increases during this time. -87.9 ± 0.6 mV (nine muscles), ak = 116.1 ± 2.4 mM (six muscles), and aka = 5.8 ± 3.4 mM (four muscles).
Substituting these values into the constant field equation yields Pj</PNa = 124. The value for ak was checked by finding that doubling the extracellular K + concentration changed V m by 14.9 ± 0.8 mV (four muscles), while the constant field equation predicts 15.2 mV for a constant PK/PNR-The sensitivity of the value of ak has been previously presented (Baumgarten et al., 1981) . Figure 4 illustrates the recording of aka during a succession of stimulus rate changes. The KCl-filled electrode was monitoring V m of a quiescent muscle when a liquid ion exchange electrode was impaled in a nearby cell. The impalement is shown at a fast chart recorder speed to illustrate the fast and steady response of VNH-Several minutes later, stimulation is initiated at 0.2 Hz. The bottom trace of the figure depicts the difference in potential measured by the Na + -sensitive and KCl-filled electrodes (VN 3 -V m ). (VNH -V m ) is proportional to log aka • The vertical lines in this trace are a result of the difference in response time of the two electrodes in recording the action potential. VNB responds more slowly, producing a delay before VN 8 -V m returns to its diastolic level. Nonetheless, a steady diastolic value for VN 8 -V m can be obtained when stimulating at 0.2 Hz, and it is this value that is used to calculate aka • As can be seen at bottom left, 0.2 Hz stimulation of a previously quiescent muscle results in a positive shift in VN 8 -V m , which represents an increase in aisfa from a mean value of 5.8 to 7.2 mM. Increasing the stimulation rate to 0.5 Hz for 80 seconds resulted in a further elevation of aka to 7.9 mM. aka returned to 7.2 mM when a stimulation rate of 0.2 Hz was restored. Stimulation was then increased to 1.0 Hz for 80 seconds. At bottom right, the effect on aka of a decrease from this stimulation rate can be seen. We were not able to determine a diastolic value for VN 8 -V m when stimulating at 1 Hz, so our measurement of aka was derived from the diastolic value attained immediately after a decrease in stimulation rate, aka was elevated to more than 10.0 mM, and fell rapidly to the steady state value previously found when stimulating at 0.2 Hz. Contraction was monitored simultaneously during this experiment, and small increases in tension accompanied the increase in stimulation rate: the steps from 0.2 to 0.5 or 1.0 Hz increased twitch tension by 6 and 26% respectively. Larger changes in twitch tension were usually observed; twitch tension in seven muscles increased by 59 ± 19% when the stimulation rate increased from 0.2 to 1.0 Hz. Similar reversible changes in ak a with stimulation were found in four other ventricular muscles, two from guinea pig and two from sheep. Steady values of aka usually were achieved within 1-2 minutes after a change in stimulation rate. In one experiment, the half time of change was 15 seconds. The requirement for osmotic equilibrium suggests that the increases in aka produced by rapid stimulation should be accompanied by a decrease of ak of a few mM. Small decreases in ak were seen in seven of nine experiments. A change in stimulation rate from 0.2 to 1.0 Hz produced a reduction in ak of less than 5 mM.
Although these experiments in ventricular muscle indicated that aka could change substantially and rapidly in response to rapid stimulation, systematic measurements were difficult to obtain because most experiments were prematurely terminated by electrode displacement. In addition, stimulation at high rates could have produced hypoxia in these superfused fibers. Consequently, the remainder of the experiments were performed in sheep Purkinje strands, which have weak contractions and lower metabolic needs.
Dependence of aka on Rate and Duration of Stimulation in Purkinje Strands
Neutral ligand Na + -sensitive microelectrodes with electrical response times faster than 1 second were selected for use in these experiments. Multiple impalements were made with the voltage-recording and the Na + -sensitive microelectrodes to determine the aka level in the quiescent fibers. Impalements were then maintained during periods of quiescence and stimulation. For the experiments shown in Figures 5 and 6, and in be made accurately during the stimulation period, they were more reliably obtained by the level several seconds after the termination of stimulation.
Development of aN a increase could be seen by stimulating at a rapid rate for progressively longer periods. One complete series of such experiments is shown in Figure 5 . The control level of a^a during quiescence was 7.6 ITIM. Following 15 seconds of stimulation at 3 Hz, a^a rose to 7.9 ITIM. With longer periods of stimulation, it was progressively increased, so that after 3 minutes of stimulation, aka was 10.1 ITIM. ajvia plotted against duration of stimulation showed a brief period of slow increase, followed by an exponential increase with a time constant of about 1.5 minutes.
The dependence of a^a on stimulus rate was examined by stimulating at progressively higher rates for 3-minute intervals, with intervening periods of quiescence (Fig. 6) . aUa was not perceptably changed by stimulation at 0.1 Hz. All higher rates resulted in increased aka , similar to the results seen in ventricular muscle. In three experiments, a full sequence of measurements could be made (Table 1) , and the trend in each was similar. If each fiber is used as its own control, the relative increase with stimulation could be illustrated as in Figure 7 , where it is apparent that more than half of the change was seen between 0.1 and 1 Hz. This increase of alvia at 1 Hz was seen in every one of ten Purkinje strands where the impalements could be maintained at that rate. Recovery of control aka after stimulation was terminated occurred over 3-4 minutes. It was mostly exponential, with half times of 90-120 seconds (Fig.  8) . (Note that the a^a scale in Figure 6 is logarithmic, so that an exponential recovery would initially appear like a straight line). The recovery rate was independent of the prior stimulation rate (or amount of accumulation). With larger accumulation of aka, there was occasionally a brief period of 30-40 seconds after termination of stimulation before recovery showed an exponential time course (Fig. 8B) .
A poststimulation hyperpolarization of V m was also seen. It was proportional to the duration of stimulation or its rate, similar to the elevation ofa^a-Recovery of V m was also exponential, with similar half-time to that of aNa recovery (Fig. 8, A and B) , and with similar deviations from an exponential time course. This would be expected if the two events were related.
Effect of Ouabain on ajsi a and Twitch Tension
Although an increase in the rate of stimulation produced an increase in aka, as required by the sodium pump lag hypothesis, it is not clear that the changes in aka are large enough for Na-Ca exchange to be an important factor in the force-frequency relationship. One approach to this question is to have a measure of the inotropic effect of an equivalent increase in aN a . Cardiac glycosides may exert their effect solely by inhibiting the Na,K-ATPase, and thereby increasing aNa (Schwartz et al., 1975; Akera and Brody, 1978; Biedert et al., 1979) . [For an alternative view, see Noble (1980) ]. If so, it may be possible to equate ouabain inotropy to the effect of comparable alterations in aN a , Lee et al. (1980) have correlated the positive inotropic effect of dihydro ouabain with a^a in sheep Purkinje strands. They reported that, at a stimulation frequency of 1 Hz, a 2 ITIM increase of aka is accompanied by an increase in tension of about 30%. The effect of cardiac glycoside on aN a has not been reported for working myocardium, so we performed experiments on guinea pig papillary muscle. A 10-minute application of 0.3 / HM ouabain to muscles stimulated at 0.2 Hz caused an increase of aka from 7.2 to 9.4 rrtM in one experiment, and from 6.6 to 9.0 HIM in a second experiment, both measured with continuous impalements. (These changes in a^a are calculated assuming no changes in ak). This concentration of ouabain was chosen because it is not toxic and is about half the maximally effective dose (Grupp et al., 1979) . The average inotropic change produced by 0.3 mil ouabain when stimulating at 0.2 Hz was 78 ± 8% (SEM: five muscles). The inotropic effect of ouabain should be compared with that of stimulation (see page 656). Under the conditions of our experiments, increased rates of stimulation have a different average effect on twitch tension than does a dose of ouabain that produces the same change in aka-This suggests that Na-Ca exchange is an important, but not sole, determinant of the force-frequency relationship.
Discussion
The resting values for a' N a that we have found in ventricular cells and Purkinje strands are similar to those previously obtained with glass ion-selective microelectrodes (Lee and Fozzard, 1975; Ellis, 1977; Lee et al., 1980; Glitsch and Pusch, 1981; Eisner et al., 1981a) . Recessed tip sodium electrodes are not susceptible to artifacts arising from conduction across the glass walls (see Methods), suggesting that this artifact did not occur in our measurements. The liquid membrane electrodes that we have used are easier to construct than the glass sodium electrodes, they are easier to insert into small cells, and they have faster response times. This rapid response enabled us to follow aka during stimulation.
Our results indicate that stimulation can produce substantial changes in the transmembrane gradient of sodium in both ventricular cells and Purkinje strands, sufficient to affect those transport processes that are linked to the sodium gradient. Deitmer and Ellis (1980) also have indicated that stimulation can increase a Na in sheep Purkinje strands. The steady levels of awa achieved at different rates appeared to be comparable in ventricular and Purkinje cells, although the number of observations was not large enough to be certain that they were the same. Recovery to resting levels appeared to be somewhat more rapid in ventricular muscle, consistent with a larger surface area to volume ratio (Page, 1978) .
Redistribution of Sodium and Potassium during Stimulation
Repetitive depolarizations increase the rates of sodium influx and potassium efflux. A subsequent increase in Na + pumping may result from an increase in either aNa or aft-Several workers have demonstrated an accumulation of extracellular potassium during stimulation (Kline and Morad, 1976; Kunze, 1977; Kline et al., 1980; Browning and Strauss, 1981) . The magnitude of this an accumulation, monitored with K + -sensitive microelectrodes, has been found to be dependent on stimulation rate (Kunze, 1977; Morad, 1980) . After the initial rise, a?; declines during continued stimulation, often to control levels. Cessation of stimulation is followed by temporary aft depletion. Kline et al. (1980) have suggested that both the decline to normal a5< during stimulation and the depletion after stimulation are the result of activation of the Na-K pump by increased aka. The changes inaka seen in our experiments are consistent with this description. We were able to observe a small decrease in ak due to stimulation, as predicted by the finding of accumulation of a?;, but others have not been able to detect this change in canine or feline Purkinje strands or in feline ventricular cells (Browning and Strauss, 1981) . That such a change is difficult to observe is not surprising, for it represents a very small signal change from the K + -sensitive microelectrode.
The hyperpolarization that follows a period of rapid stimulation has also been attributed to electrogenic sodium pumping (Vassalle, 1970; Glitsch et al., 1978; Diacono, 1979; Kline et al., 1980; Gadsby and Cranefield, 1982) , in addition to extracellular potassium depletion. Previous studies of the sodium pump in Purkinje fibers indicate that the pump normally produces an outward current that increases linearly with presumed increases in aka (Isenberg and Trautwein, 1974; Gadsby and Cranefield, 1979a; Eisner and Lederer, 1980a) . We find that aka increases with the stimulation rate, so a larger electrogenic pump current would be expected. When stimulation ceases, the cell membrane will be transiently hyperpolarized because the elevated aka maintains an elevated pump activity.
After stimulation is terminated, aka decreases in parallel with the transient hyperpolarization. Whereas longer or faster trains of action potentials may augment the increase in aka and the post-drive hyperpolarization, they do not alter the time course of recovery at constant ai<. Similar behavior is seen when Purkinje strands recover from sodium loading due to pump inhibition (Deitmer and Ellis, 1978; Glitsch and Pusch, 1980; Eisner et al., 1981b) . If one assumes that the hyperpolarization following overdrive arises entirely from electrogenic sodium pumping and that the membrane conductance is constant, then the parallel recovery of aka and membrane potential suggests a constant coupling ratio of the Na-K pump over this range and a linear response of pump rate to aka (Thomas, 1969; Gadsby and Cranefield, 1979b; Eisner et al., 1981b) . The current required to offset the poststimulation hyperpolarization can be measured in a voltage clamp and used to predict the change in aka. Gadsby and Cranefield (1982) have made this calculation in dog Purkinje fibers, and predict changes in aka that are qualitatively similar to our observations. The calculation of Gadsby and Cranefield (1982) assumed that aka begins an exponential decrease as soon as stimulation ceases, whereas we often found delays of 40-60 sec. This delay was not an artifact due to slow sodium electrode response time, and it was associated with a similar delay in the onset of depolarization of V m (Fig. 8B ). Browning and Strauss (1981) also report that a similar delay in the decline of V m sometimes occurs following overdrive in dog Purkinje strands and cat ventricle. sometimes found a delayed fall of post-stimulation outward current. Three explanations can be given for the delay: (1) the models for sodium pumping offered by Gadsby (1980) or Eisner and Lederer (1980a) are inapplicable to our experiments; (2) the hyperpolarization following overdrive arises from a combination of factors, in addition to electrogenic sodium pumping, such as changes in extracellular potassium or the presence of other currents that vary with ak a ; and/or (3) the aka that we measure in the bulk sarcoplasm differs from that at the cell surface, so the sodium pump experiences a different value of ak a . The third possibility has been raised by Akera and Brody (1978) , Gadsby and Cranefield (1979a) , and Barry et al. (1981) . The close correlation between aka and membrane potential during recovery makes it unlikely that much intracellular gradient of aka is developed, although it does not test the validity of the first two suggestions. Furthermore, the correlation of V m and aka suggests that the two cells that are impaled by our electrodes have identical electrical properties, so that no artifacts have been introduced by using single barrel electrodes (see Browning and Strauss, 1981) . A close correlation between aka and V m during recovery from sodium loading has also been observed by Thomas (1969) in neurons, and by Ellis (1977) and Glitsch and Pusch (1980) in Purkinje strands. Eisner et al. (1981a) found a correlation between presumed pump current and aka in Purkinje strands under voltage clamp.
The Rate of Sodium Loading during Electrical Activity
The amount of sodium entry necessary to account for the rapid depolarization phase of the action potential in cardiac ventricular or Purkinje cells is quite small. For a membrane capacitance of about 5 juF/cm 2 (Brown et al., 1981) and an action potential amplitude of 120 mV, the sodium influx per ventricular action potential is at least 6 pmol/cm 2 . If the cell can be approximated as a right circular cylinder with a diameter of 15 /xm, A[Na + ]i = 0.016 mM/action potential. This increase in Na + influx is sufficient to account for an increase in aka of 1.9 DIM for 3 minutes of stimulation at 1 Hz. [This calculation assumes: (1) the pump rate is linearly proportional to aka, and changes in a?; are ignored; (2) the "background" Na + influx rate is equal to 0.5 mM/min when aka is about 7 min, as found by Deitmer and Ellis (1978) for Purkinje fibers, and is unchanged by stimulation; and (3) the intracellular ionic activity coefficient for Na + is similar to the bath values.] This predicted increase in aka is approximately the amount of Na + loading that we saw.
It is also possible that a substantial additional sodium influx occurs during the action potential plateau either as steady state slow inward current (Gibbons and Fozzard, 1975; Kass et al., 1976; Reuter and Scholz, 1977) or steady state current through the sodium channel (Attwell et al., 1980) . This idea is supported by Langer's (1967) report that sodium influx in dog papillary muscle is 71 pmol/cm 2 per action potential, but is contradicted by the report that the electrogenic current seen after overdrive is largely dependent on the availability of the fast inward current . Another possibility for error in our calculation is that the surface-to-volume ratio that we have used is substantially underestimated. Although surface folding may be accounted for in our value for the membrane capacitance, we have not allowed for the finding that only a fraction of the cell volume is sarcoplasm (Page, 1978) . If Na + only enters this smaller space, then the influx during the action potential upstroke would certainly be sufficient to account for our results.
The Force-Frequency Effect
It is convenient to use ouabain-induced inotropy as an index of the inotropic effect of changes in aka. Inotropy is reported to be correlated closely with sodium loading due to sodium pump inhibition in sheep Purkinje strands (Lee et al., 1980; Eisner and Lederer, 1980b; Eisner et al., 1981b) . We have extended this finding to ventricular muscle. Previous attempts to correlate cell sodium with inotropy in ventricular muscle have relied upon chemical measurements to estimate concentration (Lee and Klaus, 1971; Akera and Brody, 1978; Barry et al., 1981) . These studies generally find that [Na]i in mammalian ventricle is 20-40 min, while our results predict [Na]i = 8 rriM if the intracellular ionic activity coefficient for sodium [(yNa) i] is the same as that in physiological saline. This discrepancy may arise either by compartmentalization, or by intracellular ionic conditions that depress (yNa)i to about 0.25. Since onlyaNa contributes to the electrochemical potential of Na + , verification of the sodium pump-lag hypothesis ultimately rests upon measurements of ai^a and not [Na]i. It is possible that the changes in aN a that we have observed with cardiac glycosides or stimulation are produced by changes in [Na]i of only a few mM. These might not be reliably detected, and may account for the inability of some workers to do so. Other studies have found changes in [Na]i consistent with the Na pump-lag hypothesis, but they have been criticized on the grounds that the increased work output of the muscle may cause tissue anoxia, so that the changes in [Na]j could be secondary to the anoxia [Akera and Brody, 1978] . Our work excludes this objection because our microelectrodes sampled only superficial cells, where anoxia is unlikely.
Our results support the idea that Na-Ca exchange could be an important component of two inotropic events: the effect of cardiac glycosides, as well as that of increased stimulation rates. The increases in aka that we observed can be expected to have a substantial effect on aba-If Na-Ca exchange has a stoicheometry of 3:1, then an increase in a^a from 8 to 10 mM will reduce the electrochemical energy available for Ca efflux by half. The time course of increase of a^a during stimulation would result in parallel slow increases in aba, consistent with the finding that the staircase in tension development requires several minutes to be manifested (Koch-Weser and Blinks, 1963) . It must be emphasized that other changes probably also play a role in the force-frequency effect, including incomplete mechanical recovery, changes in slow inward current, the metabolic effects of more frequent contraction. It is also possible that the influence of a' Na or aba is a consequence of their influence on these other factors. Further consideration of the causal relationship between a^a and tension must await direct monitoring of aba and direct correlation with tension recording.
Appendix
When fine-tipped micropipettes are filled with liquid ion exchangers of very low conductivity, it is possible that the resistance of the electrode tip (R t ) becomes comparable to that of the electrode wall (R w ). The real extracellular and intracellular potentials for the electrode (V? and V c ) are The first term on the right side of the equation is a voltagedivider ratio, and the second term is the potential change which would be observed if the micropipette glass was a perfect insulator. The derivation has assumed that E o and S are the same across the glass wall of the micropipette as through the tip. Although this may not be strictly true, the error involved should be small.
